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Lake Muzzano (45◦59′50′′N 8◦55′41′′E, 337m a.s.l.) is a hyper-eutrophied lake located
in the Tessin region of Switzerland. Almost every year, algal blooms (Microcystis) cover
the lake with a thickness of 1–2 cm. These blooms associated with periods of anoxia in
summer have led to fish kills in 1967 and 1994. In the hope of avoiding these blooms,
a bypass bringing water away from the lake has been established in 1999. This solution
was not adequate as blooms kept reoccurring. Sediment removal was then proposed by
the Tessin Canton as a possible remediation technique and The L.A.K.E.S Institute had
a mandate in 2010 to study the lake (present and past state) to determine the reasons
creating anoxia and algal blooms. The present state of the lake shows that anoxia is
still occurring when the algal bloom covers the lake’s surface. Subfossil diatom and
chironomid analyses show that the baseline conditions were those found before 1922 AD
when the lake was oligotrophic and supported a diversified community of chironomids
suggesting good oxygenation. After 1922 AD, circulation to the lake was cut out and
nutrients accumulated in the lake leading to anoxia and the establishment ofMicrocystis.
Heavy metal analysis in the sediment shows that the concentration is above the national
recommendation and thus sediment should not be removed or should be stored with
hazardousmaterial. Based on the present status of the lake and paleolimnological results,
two solutions are proposed: to further decrease the nutrients coming in the lake (possibly
using filtrating plants) followed by flushing to increase lake water circulation. Physical
capping of the sediment to avoid exchange of heavy metals and phosphorus release at
the water/sediment interface could also be envisaged once the two prime solutions are
in place.
Keywords: diatoms, chironomids, heavy metals, sediment removal, anoxia, algal blooms, capping, filtering plants
Introduction
In the UK, Scandinavia and Canada, using paleolimnology to determine the baseline limnological
conditions to restore a lake has precedents (see papers in this issue). In Switzerland, this is not the
case. Restoration solutions are generally based on short term data, with restoration goals which are
generally not quantified. Furthermore, most restoration solutions primarily focus on phosphorus
control and assume other possible factors are just concomitant. This study is the first one in
Switzerland to use paleolimnology to (a) define the baseline conditions for lake restoration and
(b) study the past ecosystems to identify the “real” problems leading to eutrophication.
Larocque-Tobler and Pla-Rabès Paleolimnology and restoration in Lake Muzzano
Our study site is Lake Muzzano located in the Italian
part (Tessin) of Switzerland. The lake is hyper-eutrophied and
suffers from recurrent Microcystis algal blooms (Bottinelli, 1999;
Bottinelli et al., 2000; Isenburg et al., 2000; Pedrotta, 2009; Studio
Blu Progetti Sagl, 2011–2012). Furthermore, anoxia has been
measured during summer (Isenburg et al., 2000; Hale et al.,
2009; Pedrotta, 2009; Studio Blu Progetti Sagl, 2011–2012). The
anoxia-inducing algal blooms have led to fish kills in 1967 and
1994 (Aquarius, 1999). To avoid fish kills, a bypass deriving the
major inflow has been installed in 1999. Large pipelines bring
the majority of water underground through a small river leading
to Lake Lugano. However, water still flows in Lake Muzzano
when the system overflows. In theory, overflow should occur
only during periods of heavy rain. More than 10 years after the
bypass was installed, algal blooms are still occurring. Assuming
that the quantity of nutrients coming to the lake was adequately
reduced by the bypass, it was suggested that the problem in
LakeMuzzano was internal phosphorus loading via sediment and
thus sediment removal was proposed. Lake Muzzano is owned
by a private non-profit organization called Pro Natura which
has the mandate of preserving the lake which houses a unique
species of water chestnut (Trapa natans var.muzzanensis). Before
removing the sediment, as suggested, Pro Natura wanted to
be sure that sediment removal would not affect this unique
water chestnut community. The L.A.K.E.S Institute was then
mandated to study Lake Muzzano. The goals of this research are
thus to:
(1). Establish the nutrient budget. None of the previous studies
had established a comprehensive study of inflows and
outflow. Pedrotta (2009) had looked at the inflows and
outflow for a few months in 2006 and 2007 but no data
were available on a whole year. Isenburg (1998) and Hale
et al. (2009) only looked at the nutrients in the lake without
comparing with inflows and outflow. Furthermore, the
quantity of Phosphorus possibly released from the sediment
was never quantified.
(2). Determine the baseline conditions as a target for
remediation. Biological and sedimentological analyses
will be used to determine the pre-disturbance limnological
conditions and study the historical changes of Lake
Muzzano through time. This reconstruction should be
made from a period of low human impact to reconstruct the
natural variability of this ecosystem.
(3). Evaluate sediment removal as a possible restoration
solution. The L.A.K.E.S Institute wonders what is contained
in the sediment (e.g., heavy metals).
Materials and Methods
The Study Site
Lake Muzzano (45◦59′50′′N 8◦55′41′′E, 337m a.s.l.) is located
in the Tessin Canton of Switzerland. The lake’s catchment has
three main localities contributing to its input of water: Muzzano
[population: 837 inhabitants in 2010 (www.muzzano.ch)],
Sorengo (1700 inhabitants in 2010 (www.sorengo.ch)
and Collina d’Oro (population: 4493 inhabitants in 2011
(www.collinadoro.com). Berganzona, a part of Lugano, also
contributes to the input of water to the lake (population:
5375 inhabitants in 2013, http://www.lugano.ch/lugano-
politica/quartieri/breganzona.html).
The lake is shallow (3.2m maximum depth) with an area of
0.22 km2. The lake has three major and four minor (sporadic)
inflows (Figure 1). The outflow goes to the major Lake Lugano.
Lake Muzzano is turbid with a Secchi depth of 0.6m measured
inMarch 2012 (Figure 1). Between June and October,Microcystis
blooms are 1–2 cm thick (Figure 1).
Lake Muzzano became stratified in the summer of 2012
(Figure 2A). In August 10th, 2012, the lake was strongly
stratified with temperatures almost 5◦C colder below 2.5m
than at the surface. A weak stratification was observed in
September and disappeared by October. This stratification has
been also recorded in previous years (Isenburg, 1998; Hale et al.,
2009; Studio Blu Progetti Sagl, 2011–2012). In such a shallow
lake (maximum 3m depth), polymixis is generally expected.
In Lake Muzzano, the stratification is probably due to the
presence of algal blooms in the surface of the water column
accumulating heat at the surface.When wind occurs, this thermal
stratification is destroyed and mixing (uniform temperatures in
the water column) occurs. In 2012, the lake was anoxic during
summer (Figure 2A). Anoxia was also recorded in previous years
(Isenburg, 1998; Isenburg et al., 2000; Hale et al., 2009; Studio Blu
Progetti Sagl, 2011–2012).
Nutrient Concentration in the Lake and Nutrient
Budget in Inflows and Outflow
Water samples (1 l) were taken monthly in the inflows, the
outflow and in the lake (surface, 0.5, 1, 2, and 3m). Nitrates
(NO3), Phosphorus (TP), Phosphates (Orthophosphates), and
Ammonium (NH4) were measured in these water samples using
kit tests (concentration in ppm). In June 2012, the Canton
of Tessin decided to provide more accurate measurements of
these parameters and the monthly water samples from the
inflows and outflow were sent to the Laboratorio dell’Ufficio del
monitoraggio ambientale in Bellinzona for analysis. The results
(inµg/L or mg/L) were used to determine howmuch of nutrients
are still coming in Lake Muzzano and how much comes out
through the outflow. The concentrations were also compared to
concentrations described as “good,” “acceptable,” or “mediocre”
by the canton (BAFU, 2010).
The debit of each inflow needed to be calculated to know
the concentration of nutrients coming into the lake (mg/s) and
coming out of the lake. The balance between inflows and outflow
provides an understanding of the circulation and the retention
time of nutrients. The longer the retention time, more nutrients
are available for algal growth. The width and depth of the inflows
and outflows have beenmeasured. The flowwasmeasured using a
pulse counter measuring counts/minutes. These counts/minutes
were transformed into speed following the graph included in
the users’ manual. The debit (Q) was calculated following this
formula:
Q = V × Sm
Where Q: debit in m3/s
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FIGURE 1 | (A) Lake Muzzano and its inflows (Affluant 5 being the larger one, Affluant 2, Restabbio, and Gare being non-permanent ones) and its outflow (Emissaire).
(B) Secchi depth (m) and (C) Pictures of the lake in July and October 2002 showing Microcystis algal blooms.
V: speed of current
Sm: area of the inflow
To calculate the Phosphorus loading per year, the average
concentration ∗ the debit for each inflow should be summed (Li
et al., 2003) following the formula below:
L1 = K(
1
n
n∑
i= 1
CiQi)
where Ci is the concentration at time i,Qi is the flow at time i and
K is the time interval (252 days).
Sediment Analyses
Four sediment cores were extracted in March 2012 at the
deepest (3.2m) part of the lake using a UWITEC corer. All
cores were transported complete to the laboratory. The longest
core (44 cm) was used for most analyses. One half of the core
was used for dating and loss-on-ignition measurements, the
other half was used for diatom, chironomid and heavy metal
analyses.
The half core for dating was cut every 0.5 cm until 15 cm
and every cm until 44 cm. All the samples from the surface to
15 cm were freeze-dried and weighted. They were sent to Flett
Research (Winnipeg, Canada) for radioisotope (210Pb, 137Cs,
226Ra) measurements. An age-depth model was developed using
the Bayesian calibration program OxCal 4.2 (Bronk Ramsey,
2013) and constrained to the know peaks of 137Cesium in 1986
(Chernobyl) and 1963 (Von Gunten et al., 2008).
Loss-on-Ignition (LOI) followed the method exposed in Heiri
et al. (2001). First, the water content of all samples is calculated
by weighting the wet sediment and subtracting the dry sediment
(48 h at 105◦C). The percentage of organic matter was calculated
after heating the sediment to 550◦C for 4 h.
Chironomids were analyzed in all samples at 0.5 and 1 cm
for a total of 62 samples. The samples were placed in KOH 10%
overnight and filtered in a 90µm mesh. The sample left in the
mesh was poured in a Bogorov counting tray and observed under
a magnifier at 10X. Each head capsule was individually picked
andmounted in a drop of Hydromatric on amicroscope slide and
covered with a cover slip. This procedure is very time consuming.
To pick one sample can take up to half a day of preparation. The
chironomids were identified under a light microscope at 40X-
100X. The identification followed Larocque and Rolland (2006)
and Brooks et al. (2007). Anoxic taxa were described following
Quinlan et al. (1998).
The same samples (62) were analyzed for diatoms following
standard procedures (Battarbee et al., 2000). The identification
followed Krammer and Lange-Bertalot (1986–1991). The
final taxonomy was harmonized to fit the taxonomy and
taxonomic resolution of the SWISS-TP dataset in order to
apply a TP transfer function using ERNIE software from
the EDDI diatom database (http://craticula.ncl.ac.uk/Eddi/
jsp/index.jsp). pH was described using the known ecology
of diatom species described in the reference manual cited
above.
The diatom and chironomid stratigraphies were subdivided
into assemblage zones with the technique of optimal splitting by
information content (Birks and Gordon, 1985) and the number
of statistically significant zones was identified using the Psimpoll
4.27 software (Bennett, 2009).
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FIGURE 2 | (A) Temperature and oxygen concentration measured
during the sampling period. Red lines indicate dates of established
thermocline and anoxia. (B) Phosphorus and Orthophosphates
measured during the sampling period. Red lines indicate dates when
the concentration in nutrients was higher at the bottom compared to
the surface.
Surface samples (slices 0–1, 1–3, 3–5, and 5–7 cm) were
sent to Columbia Analytical Services, Inc. (www.caslab.com)
to measure iron-bounded Phosphorus following the method
detailed by Psenner et al. (1998). With anoxia, SO4 increases
in the water-sediment interface which oxidizes iron and
Phosphorus is released to the water column. The concentration
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of Iron-bounded Phosphorus is thus important to quantify
and determine how much can be released and if this amount
significantly exceed the concentration coming into the lake from
the inflows.
To calculate the amount of Phosphorus load, the formula from
Nürnberg et al. (1994) was be used:
Load = RR× AF
RR= areal release rate (mg/m2/ d)
AF= anoxic factor (d/yr)
AF =
∑
i= 1
ti ∗ ai
A0
In this formula, the period of anoxia (ti in days) is multiplied
by the corresponding hypolimnetic area (ai in m2), and all the
products were added up. The grand total id divided by the lake
surface area (/lo, mZ) to yield AF.
Sediment at every cm of the core was analyzed in an ICP
spectrophotometer from the Institute of Geography, University
of Bern. First, each sample was dried in an oven at 100◦C
overnight to remove the water. The sample was then crushed to
obtain fine-grained sediment. The sediment was diluted using a
microwave and the following procedure: HF and NaNO3 were
added to each sample, the samples were placed in the microwave
for 40min then filtered. The filtered liquid was placed in the
ICP-MS spectrophotometer. The concentration of eight different
metals [Lead (Pb), Zinc (Zn), Copper (Cu), Cadmium (Cd),
Chromium (Cr), Titanium (Ti), and Nickel (Ni) and Arsenic
(As)] was measured in each sample. Those are the most common
metals found in the Tessin area. They are also the metals
usually measured in environmental assessments (BAFU, 2010).
The concentration obtained is then multiplied by the dilution
(50) and divided by the weight of the sediment (0.25–0.35 g)
to obtained µg/kg. Those concentrations were then compared
to the contaminated values defined by the Canton (BAFU,
2010).
Results
Nutrients in the Lake
Total Phosphorus was higher at 3 m-depth only at one date in
June 2012. Higher concentrations at 2m were observed on the
4th of July and in October (Figure 2B). Only in February 2013
was Phosphorus higher at 3m than at other levels. Similar results
were obtained for Ammonium and Nitrates (Supplementary
Image 1).
Nutrient Inflows vs. Outflow
Concentrations of each nutrient at each sampling date are
provided as Supplementary Image 3. A summarized debit is
provided in Table 1. Except for Total Phosphorus, the flows
of nutrients are higher in the inflows. Most importantly,
the Orthophosphates (PO4P) coming in is higher than
coming out.
TABLE 1 | Flow of nutrients coming from the inflow (SUM IN) and out
(OUT) and the balance (OUT-IN).
P04P Ptot N02N N03N NH4N Ntot
µg/s µg/s µg/S mg/s mg/s mg/s
SUM IN 1614 3376 1500 98 4 122
OUT 1377 7621 226 32 1 103
OUT-IN −237 4245 −1273 −66 −3 −19
Phosphorus Loading
Following the formula exposed in the method section, the
amount of Orthophosphate (PO4) coming to the lake is
152 kg/year and Total Phosphorus is 257 kg/year. The amount
coming out of the lake is 22.27 Kg/year of PO4 and
225 kg/year TP.
Possible Release of Phosphorus Form the
Sediment
The concentrations of the various forms of phosphorus in the
sediment are presented in Table 2. From these concentrations,
it is possible to calculate the potential amount of phosphorus
release from the sediment following the formula presented
in the method section. The specific data are presented as
Supplementary Image 2. The total phosphorus present in the
sediment is 152 kg/year and the phosphorus which can be
released from the sediment is 19 kg/year. This possibly released
phosphorus represents 12% of the total Phosphorus measured in
the sediment.
Dating of Sediment
The activity in 210Pb varied in the first 2 cm suggesting mixing
in the very fluid sediment (Figure 3A). The activity slowly
decreased afterwards which indicates a good stratigraphy and
preservation of slices without too much mixing, which is
surprising in such fluid sediment until 5 cm. Using an age-depth
model (based on the dates of 210Pb and 226Radon Figure 3B)
and constrained to the 137Cesium peaks of 1963 and 1986, the
sediment rate was in average ca. 0.3 cm/year. It was higher (ca.
0.6 cm/year for the first 5 cm), decreased to ca. 0.23 cm/year
until 31 cm, increased to ca, 0.5 cm until 40 cm and decreased
to ca. 0.25 for the last 3 cm. The 43-cm core, after 210Pb dating
represented the last ca. 176 years with an error of about 10 years
at the deepest part of the core and about 2 years (date of the
model—date of the 137Cesium peak) at the beginning of the core.
Loss-on-ignition
The percentage of water decreases down the core, but is always
relatively high (>40%) (Figure 4A). In the upper 25 cm, the
water content is almost always higher than 88%. The organic
carbon varies as well through time with percentages between
8 and 32%. The sediment was typically black with organic
matter (Figure 4B). After the sediment was heated at 550◦C,
the sediment remaining had an orange color, suggesting high
concentration of iron (Figure 4C).
Chironomids
Sixty-two samples were analyzed for chironomids, but many had
few head capsules and weremerged together. The total of samples
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TABLE 2 | Concentration (mg/kgDW) of the diverse form of Phosphorus.
Depth Total P Fe-P Al-P Biogenic P Ca-P Organic P Mobile P Available P Residual Residual% DW DW%
0–1 cm 8000 80 110 330 300 380 1000 4300 1830 22.875 1.3 10.4
1–3 cm 4500 30 120 260 100 390 900 1900 1060 23.55556 0.8 12.5
3–7 cm 3500 20 110 230 100 380 300 1300 1290 36.85714 0.6 23.5
FIGURE 3 | (A) Lead concentration. Graph provided by Flett Research. (B) Age-depth model developed using the Bayesian calibration program OxCal 4.2 (Bronk
Ramsey, 2013) and constrained to the know peaks of 137Cesium in 1986 (Chernobyl) and 1963 (Von Gunten et al., 2008).
presented here is 36 since ca. 1853 AD (Figure 5). Thirty-five taxa
were found in the samples. Only those present in at least two
levels are presented in the figure.
The chironomid assemblages were significantly different
during five episodes between ca. 1880 AD and 2012 (Figure 5).
Those periods were statistically identified by the technique of
optimal splitting by information content (Birks and Gordon,
1985) and the number of statistically significant zones was
identified using the Psimpoll 4.27 software (Bennett, 2009).
Between 1880 and 1853 AD (zone 1), the dominating
taxa (different Tanytarsus, Psectrocladius sordidellus-group and
Cladopelma) are all taxa preferring mesotrophic and acidophilic
states. Many of these taxa decrease or even disappear in zone 2
(1880–1922 AD). Zone 2 seems a transitional zone with increases
in Procladius (meso to eutrophic taxon, often the last to survive
anoxia), Cricotopus (eutrophic), Corynoneura (associated with
macrophyte and eutrophic), and Glyptotendipes (likes detritus-
rich sediment, meso to eutrophic conditions), Endochironomus
tendens-type (acidophilic, meso) and Endochironomus impar-
type (eutrophic). In zone 3 (1922–1943 AD), all acidophilic
(e.g., Psectrocladius sordidellus-group, Tanytarsus) disappear.
Procladius, Cricotopus, Endochironomus impar-type all increase.
These are all eutrophic taxa. In zone 4 (1943–1976 AD)
Procladius dominates with other eutrophic taxa (Cricotopus,
Corynoneura) with some anoxic taxa (Chironomus). In zone 5
(1976–1998 AD), many taxa disappear. This is the section where
many samples needed to be pulled together as very few head
capsules were found. Endochironomus impar-type, a eutrophic
taxa, dominates. Procladius completely disappeared. This is a
taxon which can survive under anoxic conditions for a few weeks.
In zone 6 (1998–2012), Procladius reappears toward the end as
well as Chironomus anthracinus-group, a taxon surviving anoxia
for a few weeks. New taxa (Limnophyes, Smittia) appear during
this zone. Limnophyes and Smittia are often considered as semi-
terrestrial taxa, suggesting an increase in running water coming
to the lake.
The taxonChironomus has been shown to be sensitive to heavy
metals (Vermeullen et al., 2000) and can be used as an indicator
of contamination due to deformation of its mentum caused by
exposition. One deformed C. anthracinus-type has been found in
level 2–3 cm (ca. 2005–2007 AD).
Diatoms
Seven zones were statistically identified in the diatom
stratigraphy (Figure 6). Zone 1 (1853–1877 AD) was dominated
by Aulacoseira muzzanensis, Cyclotella pseudocomensis,
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FIGURE 4 | (A) Weight of sediment, water percentage and loss-on-ignition (LOI) percentages. (B) Color of wet sediment and (C) color of sediment after heating at
550◦C. The red color suggests high iron concentration.
FIGURE 5 | Chironomid diagram. The taxa are in percentages. The zones were created using the technique of optimal splitting by information content (Birks and
Gordon, 1985) and the number of statistically significant zones was identified using the Psimpoll 4.27 software (Bennett, 2009).
Aulacoseira ambigua, and Achnanthidium minutissimum.
The reconstructed TP changed from 30 to <80µg/l suggesting
a change from meso-eutrophic to mesotrophic conditions. The
species present suggest low pH conditions. In zone 2 (1877–1922
AD) the same species as zone 1 were present but A. ambigua
dominated while A. minutissimum decreased. These changes
were associated with an increase in the reconstructed TP from
70 to 120µg/l thus to hyper-eutrophic conditions. Based on the
species, the pH conditions were still acidic. In zone 3 (1922–
1943 AD) the TP first increased to 180µg/l and decreased to
120µg/l. The communities changed to a dominance of Cyclotella
meneghiniana, Stephanodiscus parvus, Stephanodiscus hantzschii,
and Aulacoseira granulata. The species present suggest higher
pH than in previous zones. This high pH remained through the
present. Zone 4 (1942–1964 AD) was marked by a decrease of
reconstructed TP to 100µg/l (hyper-eutrophic) but the species
dominating changed to Fragilaria crotonensis and Asterionella
formosa. The taxa present in zone 3 are still there but at lower
percentages. In zone 5 (1964–1980 AD), the reconstructed TP
oscillated between hyper-eutrophic (120µg/l) and eutrophic
(>80µg/l) and was marked by a re-increase of A. ambigua and
A. muzzanensis. In zone 6 (1980–1998 AD) one sample (1993)
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FIGURE 6 | Diatom diagram. The taxa are in percentages. The zones were created using the technique of optimal splitting by information content (Birks and
Gordon, 1985) and the number of statistically significant zones was identified using the Psimpoll 4.27 software (Bennett, 2009).
had no diatoms. In zone 7 (1998–2012 AD) the inferred TP
oscillated around the average (vertical line in Figure 6) but still
represented hyper/eutrophic conditions.
Heavy Metals
Generally, the present concentrations (µg/kg) of Cr, Ni, Cu, Zn,
Pb are above the “heavily polluted level” (red lines, Giesy and
Hoke, 1990) while Cadmium (Cd) was always at an accepted
level (Figure 7). The concentrations exceed the level of “heavily
polluted” since 1895 for Cr, 1950 for Ni, 1860 for Cu and Zn, 1932
for As, 1972 for Ti, and 1875 for Pb.
Discussion
The discussion is made around the three objectives of this
research: (1) Establishing the nutrient budget, (2) Determining
the baseline conditions as a remediation objective and (3)
Evaluating sediment removal as a possible restoration solution.
Establish the Budget of Nutrients
The flow of nutrients was almost always higher in the inflows
compared to the outflow except in one date, in November,
when Microcystis algae left the lake and accumulated in the
outflow. For algal bloom development, the most important
variables are orthophosphates and nitrates which can be used
directly by the algae. The flows of these two nutrients were
higher in the inflows compared to the outflow suggesting that
a large amount is used by the algae or sediment before they
come out of the lake. The external Orthophosphate (PO4) load
was evaluated at 152 kg/year and the external load of Total
Phosphorus was evaluated at 257 kg/year. In 1999, the bypass was
supposed to reduce this charge to below 30 kg/year, as suggested
by Vollenweider (1967). Our results suggest that this was not
achieved. Pedrotta (2009) evaluated this load at 35 kg/year.
However, her evaluation was based only on data from end of
summer to October which, as shown by our data, does not
include any spring inputs to the lake, which are higher in total
nutrients. Furthermore, our estimates are also based on a few
heavy rain events, which were never considered in other studies.
Our results show that to properly evaluate the load of nutrients,
data on a complete year of sampling should be taken into account.
The load was measured over 9 months with the precise method
from the laboratory. The inflows was much higher in April than
at any othermonths (except during heavy rains) thus our estimate
of the external load might even be slightly under-estimated.
The outflow of nutrients was generally higher during periods
when the thermocline was broken, suggesting an increase in
circulation. Based on these results, two major problems are thus
identified:
(a). The amount (concentration and flow) of nutrients coming
to the lake is high (257 kg/year) and
(b). These nutrients remain for too long in the lake. They are
then used by the algae to develop, especially Microcystis.
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FIGURE 7 | Heavy metal concentrations. The red lines indicate levels quantified as polluted following Giesy and Hoke (1990).
A stagnant environment favors the establishment of
Microcystis which floats.
Other parameters influencing the development ofMicrocystis are
low N:P ratios, high pH and temperature. These parameters are
in Lake Muzzano, all present because they are also dependant on
the nutrient budget (higher Phosphorus coming in the lake than
Nitrates) and lack of circulation (temperature remains higher at
the surface as well as pH).
Phosphorus Release from Sediment
During the sampling in 2012, Phosphorus could have been
released from the sediment during two dates with anoxic
conditions. The concentrations of Phosphorus in the lake water
at the bottom were higher than at the surface during these
dates. However, it seems that this Phosphorus release was less
important in 2012 than in previous years when Orthophosphate
concentrations were constantly higher at 3m than at the surface
(Isenburg, 1998; Hale et al., 2009).
The sediment analysis of the upper 7 cm, the most fluid
part of the core, suggests that the whole amount of Mobile
Phosphorus (the Phosphorus which can be released from
the sediment and used for algal development) is 19.6 kg/year
which is much less than the amounts coming in the lake
(257 kg TP/year; 152 PO4 kg/year). Thus, only 7.6% of the
Phosphorus could be released from the sediment and used
by the algae. In other words, the amount of phosphorus
coming from external sources is much larger than the amount
possibly released from the sediment. These suggests that,
for remediation, the input of nutrients should be treated
before investing in “non-permanent” in-lake solutions, such as
sediment removal, to avoid resuspension of phosphorus from the
sediment.
Determining the Baseline Conditions as a
Remediation Objective
Chironomids surviving periods of anoxia are Chironomini, C.
anthracinus-type, Chironomus plumosus-type, Procladius, and
Corynoneura (Quinlan et al., 1998). The chironomid analysis
showed that anoxia started after ca. 1922 AD when taxa
which cannot support low levels of oxygen disappeared and
Chironomini, Chironomus plumosus-type, Corynoneura, and
Procladius dominated the assemblages. The diatoms showed
increases of TP to a level of hyper-eutrophy (>120µg/l). The
stronger anoxic period was between 1976 and 1998 with the
disappearance of themost anoxia-tolerant taxon (Procladius) and
many levels during this period had no chironomids. Following
this period (1998–2012 AD), Procladius started to re-appear, as
well as C. anthracinus-type, two taxa surviving periods of anoxia.
The return of these taxa suggests a slight amelioration of the
anoxic condition in the recent years.
The diatom stratigraphy showed seven zones with major
changes identified by the zonation program. The most significant
changes are concomitant with changes in the chironomid
stratigraphy which occurred during five periods (1880–1853;
1853–1877, 1877–1922, 1922–1943, 1943–1976, 1976–1998, and
1998–2010 AD). Considering the errors in dating (±5 years)
and the absence of chironomids in many samples, these changes
suggest that chironomids and diatoms were influenced by factors
influencing the assemblages similarly or concomitantly such as
nutrients and oxygen levels. The TP inferences suggest that Lake
Muzzano was mesotrophic- slightly eutrophic until 1922 AD
with a substantial increase after 1922 AD when the lake became
hyper-eutrophic. This hyper-eutrophic state seems to have been
maintained until recently. Slight decreases in TP were observed
in 2005–2006 AD but re-increased slightly to the present
state.
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Both indicators showed very concomitant changes. Given the
extent of current human activity in the catchment, a reasonable
target to which restore the lake is the conditions between 1853
and 1922, where there was human activity although not yet
to a point that detrimentally affected the lake. Those are the
conditions to which the ecosystem should be brought back to.
The chironomids indicate that a good circulation of the lake was
present as no anoxia (no taxon suggesting low oxygen levels) was
recorded. The diatoms indicate a meso/eutrophic level (<80µg/l
TP) and both indicators suggest acidic conditions based on their
taxonomic assemblages. The baseline conditions for nutrients are
thus 50µg/l TP (the average until 1922) with low pH.
The chironomids also show that a major problem since 1922
AD is the change in lake’s circulation. At the beginning of
the twentieth century, the catchment of Lake Muzzano was
substantially changed with draining of the land to create fields
and the diversion of many inflows to create only one major
inflow and one major outflow. The changes in inflows and
outflows created a decrease in the circulation of the lake and
started to induce periods of anoxia. This decrease of circulation,
and increase in the amount of nutrients to the lake induced a
change of state from meso/eutrophic to hyper-eutrophic, which
substantially contributed to the decrease of oxygen available,
leading to further periods of anoxia.
With circulation, Microcystis cannot remain in suspension
and reproduce. Thus, increasing the circulation whenMicrocystis
appears in the environment would prevent its establishment.
Microcystis appears generally in spring (May in Lake Muzzano),
thus increasing the circulation at that time would help reducing
their bloom. Another problem of stagnant environment is the
creation of a thermocline blocking the exchange between the air
and the deepest part of the lake. In this case, the hypolimnion
becomes anoxic. Lake Muzzano is shallow (3-m deep) and is a
special case. The thermocline and lack of oxygen is only created
when there is no wind or precipitation and when theMicrocystis
are dominating the ecosystem. Our results suggest that this
state of anoxia and strong thermocline would not happen in
the absence of Microcystis. Thus, preventing the Microcystis to
establish, in spring, before they start to overgrow, would help in
reducing the problem of anoxia.
Based on our paleolimnological results, two major changes
should be made to the ecosystem of Lake Muzzano.
(a). Reduce further the inflows of nutrients.
(b). Re-establish a circulation which will discourage the
development of Microcystis and a thermocline blocking
oxygen and heat exchanges.
Proposed Reduction of Phosphorus
The proposed reduction of Phosphorus is quantified on the
baseline conditions defined by the diatoms. The present
phosphorus in the lake was measured in average at 145.3µg/l
in 2011 (from present data, Cantonal Laboratory of Ticino) and
inferred by diatoms at 117µg/l. The difference betweenmeasured
and inferred values is within the error of the model. Although
values are not always exactly the same as the instrumental data,
diatom reconstruction in various countries show that the pattern
of reconstruction is consistent with instrumental data (e.g., Bigler
and Hall, 2003). The baseline conditions (50µg/l) were inferred
by diatoms before 1922 AD. To obtain this concentration in the
lake, the amount coming from the inflows should be reduced to
69 kg P/year.
Many solutions to reduce the amount of phosphorus exist.
Some are permanent, some need to be re-applied regularly (see
editorial). In the case of Lake Muzzano, since the Canton cannot
invest to redo the bypass, one solution would be to add filtering
plants at the exit of the main inflow. Floating platforms with
Phragmites and/or Typha could be installed. Those filtration
systems have shown to decrease the nutrient levels by 30–60%
(OIKOS 2000). The goal of this paper is not to discuss the
proposed solutions in-depth, and so limited details are given
here. The reader should just be aware of the solution proposed
to the Tessin Canton and Pro Natura.
Re-establish Circulation
As for phosphorus control, restoring circulation has many
solutions, permanent or sporadic (see editorial in this special
issue). Increasing the circulation of the lake by dilution/flushing
(i.e., increasing the amount of clean water coming to the lake) is
a solution which could be envisaged in Lake Muzzano. However,
this solution should not be made independently of solution (a)
otherwise the high nutrient concentrations will be “flushed” to
Lake Lugano.
Increasing circulation would be optimal for Microcystis
control as they cannot float and establish themselves in
turbulent water (Zehnder and Gorham, 1960) and circulation
would increase oxygen distribution through the water column
preventing anoxia.
Evaluating Sediment Removal as a Possible
Restoration Solution
Since the 1980’s, the sediments of Lake Muzzano are highly
polluted. Restoration techniques envisaged must take into
account these high concentrations. Ar (Arsenic), Nickel (Ni),
and Titanium (Ti) are elements naturally present in the soils
and rocks, and although their concentrations can have increased
with mining, the levels measured in the sediment suggest
more a source from soils/rocks weathering (Pfeifer et al.,
2002). Arsenic, Nickel and Titanium concentrations have been
shown to increase, similarly with other heavy metals, suggesting
increase weathering and transport to the lake through the
inflows.
The peaks of increased concentrations in 2006–2007, 1980,
and 1954 correspond to increases in organic matter percentages
which also suggest an increase of material transported to the
lake by increases in inflows. These periods possibly correspond
to major constructions time in the area of Lake Muzzano which
possibly increased the transport of organic matter and heavy
metals to the lake.
In 2005–2007, the increase in heavy metal concentrations
had led to a strong decrease in the diatoms/chrysophytes ratio
and one deformed Chironomus was found. Chironomus is the
most robust of the chironomids. If only one head capsule is
deformed, it already suggests high impact on the taxon (Brooks
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et al., 2005). It can survive anoxia and high concentrations of
heavy metals (Brooks et al., 2005). It is possible that the creation
of protective areas in Lake Muzzano created weathering of the
soils and increased leaching of material contained in rocks and
soils to the lake. But, the effect was limited to 1–2 years. In
2011, it seems that the building of parking places between the
railway and the lake might have possibly increased the amount
of heavy metals entering the lake, also by weathering. This is, at
the moment, the only explanation The L.A.K.E.S Institute found
for the recent increase in all heavy metals. As Lake Muzzano
is a protected area, it is (hopefully) unlikely that chemical
products were again dumped in the lake. These results suggest
that if major construction needs to be done around the lake,
the weathering of heavy metals from rock and soils should be
considered.
The contamination could be also treated, or at least contained,
for the health of the Lake Muzzano ecosystem. There is a
possibility for heavy metals to be released during period of
anoxia. Although macrophytes can be used to filter heavy metals
(phytoremediation), there is surely a level when they start to
suffer from the high concentrations (Feiler et al., 2007). Ebadati
et al. (2005) found high concentration of zinc, lead, cupper
and cadmium in Phragmites australis, Typha angustifolia, and
Potamogeton crispuswithout any problem on their growth. These
plants are commonly used for filtering of heavy metals. For Lake
Muzzano, the return of Nympheacea would be favorable. Their
disappearance is certainly linked to the increase in phytoplankton
and thus turbid water. Nympheacea have been shown to be good
filters of heavy metals (Larocque-Tobler, 2013a).
For soils, contaminated sites should legally be
decontaminated. There is no such law for lake sediment.
The only decision to make is if the effort of decontamination will
have an impact on toxicity of the present organisms. Komerek
and Zeman (2004) have shown that heavy metals (Cd, Zn, Cu,
Hg) are strongly bonded to the sediment and can be released
only under acidic conditions in the sediment. Flyhammar and
Hakansson (1999) have shown that heavy metals are released
only under acidic and anoxic conditions. The presence of iron
in the sediment helps the heavy metals to remain bounded.
Eggleton and Thomas (2004) suggest that disturbance of the
sediment (re-suspension) by benthos or by strong wind could
potentially help releasing the heavy metals. For the case of
Lake Muzzano, the higher pH and the presence of iron in the
sediment (shown in our sediment (color red) and Isenburg
et al., 2000) help for the heavy metals to remain in the sediment.
With proposed solutions, if anoxia is greatly decreased, the risk
of release of heavy metals will be further decreased. Sediment
trap data and the Beryllium suggest that there was very little
re-suspension of the sediment in 2012 (data not shown here).
However, a study of the heavy metals in the water would be
important to do, as heavy metals in the water could directly
influence the organisms.
Options exist to limit the resuspension of heavy metals
which can occur during anoxic periods. The first one is, of
course, to avoid anoxic periods and this would be obtained
with the solutions proposed for nutrients and circulation. Wildi
et al. (2004) have looked at possible restoration techniques and
suggested avoiding sediment removal as it often re-suspend the
heavy metals back into the system and also contribute to the
pollution of groundwater, which is often used for drinking water.
In our opinion, the best solution to contain the heavy metals
in the sediment to avoid re-contamination would be to use a
capping agent, possibly claymaterial (Helioz-Rybicka and Kyziol,
1992). Discussing this solution (and others) is not part of this
paper, but can be found in Larocque-Tobler (2013b). However,
capping alone cannot be envisaged as a solution without having
made themain solutions which are the reduction of nutrients and
the increase of circulation. Capping alone is a non-permanent
solution.
Other Problems
Lake Muzzano is a shallow lake (3m depth). Shallow lakes are
generally more resilient to the decrease of external nutrient
inputs (Havens and Schelske, 2001) and their recovery time is
about 10–15 years. This restoration time can be decreased when
other processes (e.g., biomanipulation) are done at the same time
as nutrient decrease (Jeppesen et al., 2007; Louette et al., 2009).
The problems of restoration in shallow lakes is further discussed
in this special issue.
Temperature affects the development ofMicrocystis (Liu et al.,
2011). Summer temperature has increased in Lake Muzzano
in the past 10 years (Supplementary Image 4). It is thus
hypothesized that under climate change, cyanobacterial blooms
might become more common in the future in Lake Muzzano. It
is thus time to envisage long-term solutions tominimize the effect
of warming. This topic is further discussed in other papers of this
special issue.
Conclusions
This study showed that Lake Muzzano has become slightly
clearer since the bypass was installed in 1999, at least for
the months of May–April 2012. The chironomids suggest
a slight amelioration of anoxia after 2000 but the diatoms
suggest almost no amelioration in the TP level. However, the
situation with Microcystis blooms and anoxia when Microcystis
is established were recurrent. The blooms were due to two
situations: high nutrient input and lack of circulation. Both
situations occurred since ca. 1922 AD as reconstructed by
diatoms and chironomids. The input of nutrients to the lake
exceeded the amount possibly produced by the sediment and
the amount coming out of the lake. The phosphorus analysis
from the sediment showed that if it was released under anoxic
conditions, the amount would still be substantially lower than
the input from inflows. The concentration of heavy metals in the
sediment has slightly decreased since the 1970’s but are still in
concentrations suggesting heavily polluted sediment. Sediment
removal is thus prohibited. To bring back the ecosystem to
its baseline conditions (low pH, low TP levels (50µg/l) and
oxygen above 4 mg/l, further decrease in nutrients input and
increase circulation are proposed. This could be done by filtering
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plants and flushing/dilution. To avoid re-suspension of heavy
metals from the sediment, capping is a solution which can be
envisaged.
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